Nanoparticles find intriguing applications in oral drug delivery since they present a large surface area for interactions with the gastrointestinal tract and can be modified in various ways to address the barriers associated with oral delivery. The size, shape and surface chemistry of nanoparticles can greatly impact cellular uptake and efficacy of the treatment. However, the interplay between particle size, shape and surface chemistry has not been well investigated especially for oral drug delivery. To this end, we prepared sphere-, rod-and disc-shaped nanoparticles and conjugated them with targeting ligands to study the influence of size, shape and surface chemistry on their uptake and transport across intestinal cells. A triple co-culture model of intestinal cells was utilized to more closely mimic the intestinal epithelium. Results demonstrated higher cellular uptake of rod-shaped nanoparticles in the co-culture compared to spheres regardless of the presence of active targeting moieties. Transport of nanorods across the intestinal co-culture was also significantly higher than spheres. The findings indicate that nanoparticle-mediated oral drug delivery can be potentially improved with departure from spherical shape which has been traditionally utilized for the design of nanoparticles. We believe that understanding the role of nanoparticle geometry in intestinal uptake and transport will bring forth a paradigm shift in nanoparticle engineering for oral delivery and nonspherical nanoparticles should be further investigated and considered for oral delivery of therapeutic drugs and diagnostic materials.
Introduction
Oral delivery is a preferred route of drug administration. However, due to many challenges associated with oral administration of therapeutic molecules such as low stability in the gastrointestinal tract (GIT) and poor permeability across the intestinal epithelium, many therapeutic drugs are administered as injections to maximize bioavailability [1, 2] . Injectable formulations, though effective, often exhibit decreased patient compliance due to associated needle-phobia that can lead to poor adherence to the treatment and subsequently leads to disease mismanagement, especially for chronic illnesses [3] . Consequently, tremendous emphasis is being placed on engineering novel and effective oral drug delivery systems that significantly improve oral bioavailability [4, 5] . Amongst various approaches, the stability of formulations in the acidic environment of stomach can be improved by coating them with acid stable-pH sensitive polymers such as Eudragit ® (poly methacrylate) polymers [6] . Further, encapsulating drugs in a polymeric matrix such as in ethyl cellulose, alginate gels, and mucoadhesive patches can provide gastrointestinal stability against enzymatic degradation [7] [8] [9] [10] . In addition, to improve oral bioavailability of many poorly water-soluble drugs, lipids, surfactants and prodrugs have also been used [11, 12] . Nanoparticles also offer a potential means to enhance oral drug bioavailability [13] [14] [15] . It has been reported that nanoparticle geometry can significantly impact the interactions with biological targets, thereby bringing about notable differences in formulation efficacy [16] [17] [18] [19] [20] . However, the focus of oral delivery using nanoparticles has been limited mostly to spherical particles, which may not be necessarily ideal for many applications.
Here, we explore the role of nanoparticle geometry in oral drug delivery by using polymeric nanoparticles of different sizes (50 -1000 nm diameter spheres), shapes (spheres, rods and discs) as well as surface chemistry (biotin-conjugated and unconjugated particles). Biotin receptors are present in enterocytes including Caco-2 cells and have been used for oral delivery of biologics [21] [22] [23] [24] . We adjudged the efficiency of oral delivery by determining the extent of particle uptake into and transport across intestinal cells.
Most intestinal drug uptake and permeability studies in vitro are conducted using Caco-2 cells that share functional and structural similarity with enterocytes. However, several inadequacies of Caco-2 cells can limit their use for assessing oral uptake and permeability. These include, but are not limited to, absence of other cells that are normally present in the intestinal epithelia and closely work together to form the intestinal barrier, and differences in the tightness of the tight junctions as well as alteration in the expression of efflux pumps compared to human intestine [25, 26] . To more accurately resemble the intestinal epithelia, we utilized a triple co-culture model of intestinal cells comprising Caco-2 cells, HT-29 cells (similar to mucus producing goblet cells) and Raji-B lymphocytes (induces M cell type phenotype when co-cultured with Caco-2 cells) [26, 27] . All these cells are involved in drug absorption and transportation across the intestine and the model has been recently utilized for studying nanoparticle transport [28] .
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The results of the study indicated that rod shaped particles are taken up and transported across the intestinal cells to a greater extent compared to their spherical counterparts. Inclusion of targeting ligand on the particles further enhanced cellular uptake of rod shaped particles. The study points to the fact that it is critical to evaluate the effect of nanoparticle geometry in oral drug delivery prior to their utilization for therapy. 
Materials and Methods

Materials
Preparation of different shaped nanoparticles
Polystyrene sphere-, rod-and disc-shaped particles were prepared from polystyrene spherical particles using the film-stretching procedure described in our earlier reports [20, 29] . Briefly, 200 nm sized fluorescent spheres with free carboxyl terminus were suspended in 10% polyvinyl alcohol (PVA) solution containing 2% glycerol as plasticizer. The suspension was poured on a 19 x 27 cm flat station and was allowed to dry to form a film. The films were then stretched in one or two directions by using custom-made stretching apparatus. Stretching was conducted at 120 °C in an oil bath. Particle dimensions were controlled by the amount of stretching imposed on the film based on pre-determined aspect ratios. An aspect ratio of 2 was used for rods (in one direction) and discs (in two directions). Thereafter, the stretched films were allowed to cool to room temperature and cut into small pieces which were dissolved in water at 65 °C. The particles were washed by centrifugation in the same solution to remove PVA from the surface of the particles. To obtain spheres, films were not stretched but directly dissolved in hot water and centrifuged. Utilization of spheres obtained from films ensured that the surface of spheres, rods and discs were similar with respect to any residual PVA coating on the surface, therefore allowed for proper comparison between the particles for cellular uptake and transport.
Conjugation of nanoparticles with biotin
Carbodiimide crosslinker chemistry was used to conjugate nanoparticles with EZ-link ® amine-PEG 2 -biotin [16] . Briefly, the nanoparticles, including spheres, rods and discs, were centrifuged and re-suspended to 1 mg/mL concentration using citric acid buffer (pH 5.0, 20 mM). EDC was then added to the nanoparticle suspension to activate the free carboxyl terminus and the mixture was vortexed/sonicated for 15 min. Thereafter, the nanoparticles were spun down to remove excess EDC. The particles were then resuspended in citrate buffer containing 1 mg/ml amine-PEG 2 -biotin and kept overnight for conjugation under 4 °C. The nanoparticles obtained the following day were washed three times with PBS to remove any unspecific adsorption of biotin molecules on the particle surface and biotin density on the surface of nanoparticles was measured using a fluorescence biotin quantitation kit.
Characterization of nanoparticles
The particle size and zeta potential of nanoparticles were measured using Zetasizer Nano (Malvern Instruments, Malvern, UK) equipped with a 4 mW He-Ne laser (633nm) at 25 °C. The shape of nanoparticles was evaluated using scanning electron microscope (SEM) FEI Nova Nano 650 FEG SEM (Hillsboro, OR), equipped with Oxford Inca X-ray EDX system detector (Abingdon, Oxfordshire, UK). The particles were sputter coated with gold/palladium alloy before analysis and a beam voltage of 5 kV and 50,000 x magnification was used for imaging.
Cell culture and establishment of cell model
Caco-2 cells were cultured in high glucose DMEM culture media with 10% FBS and 1% P/S at 37 °C, 90% relative humidity and 5% CO 2 in T-175 flasks. The cells were passaged every week using 0.25% trypsin/0.02% EDTA solution when the cell confluence in the flasks reached around 80%. HT-29 cells were cultured by the same procedure as Caco-2 cells. For Raji-B cells, RMPI 1640 culture medium was used instead of DMEM.
For establishment of the cell model, Caco-2 cells were seeded onto the Millicell ® -PCF inserts placed in 24-well plates at a density of 2x10 5 cells/ml under regular culturing conditions. The culture medium was changed every other day for the first week, and every-day for the following two weeks. After 14-21 days of culturing, the trans-epithelial electrical resistance (TEER) was measured, and the Caco-2 monolayer with more than 300 Ω•cm 2 of TEER value was used for transmembrane transport studies.
The co-culture models of Caco-2/HT-29 and Caco-2/HT-29/Raji-B were established and validated according to previously reported procedures [30] . Caco-2 and HT-29 were seeded into Millicell To validate, Raji-B cells were stained green using CFSE and the basal side of the culture film was observed by confocal microscopy to the identify Raji-B cells.
Cellular uptake study
Caco-2 cells were seeded in 24-well plates for quantitation of uptake and into petri dishes for confocal microscopy at a density of 2x10 5 cells/ml following the regular culturing procedures. The culture medium was changed every other day. For Caco-2/HT-29 coculture, Caco-2 and HT-29 cells were seeded in a population ratio of 7:3 using the same procedure as Caco-2 cells. After 14 days, the cell model was ready for the uptake study. The culture media were discarded and washed with HBSS three times. Then 400 μl nanoparticle suspension at a concentration of 100 μg/ml in phenol red free DMEM was added into each well. After 5 h incubation, the donor solution was discarded and washed with HBSS three times. Cells were broken using 200 μl Pierce ® RIPA buffer. The nanoparticle concentration was then measured by fluorescence and protein content was measured by micro BCA ® assay kit.
Transport across cells
For transport studies to evaluate effects of size, shape and surface modification, Caco-2, Caco-2/HT-29, Caco-2/Raji-B and Caco-2/HT-29/Raji-B cells were employed. When the cells were ready, they were washed three times using HBSS. Thereafter, 400 μL nanoparticles (100 μg/mL) in phenol red free medium containing 1% BSA was added to the apical side and 600 μl of the same medium (but without the particles -blank medium) was added to basal side. Samples of 100 μl were withdrawn from the basal side at various time intervals (0.5, 1, 2, 3, 4 and 5 hours) and replaced immediately with 100 μl blank medium. The concentration of nanoparticles in samples was measured directly for fluorescence using a Tecan Infinite M200 Pro multimode reader (Tecan US, Inc, Morrrisville, NC, USA microplate reader). After 5 hours, the apical side was washed with HBSS three times and 100 μl paraformaldehyde (4% w/v) was added to apical side for fixing the cells. The membrane with the cells were then cut out, stained with DAPI and observed under confocal microscope.
Data Analysis
All data are represented as mean ± standard deviation (SD). The graphs were plotted using Graphpad, Prism 6.0, (GraphPad Software, LaJolla, CA). Statistical analyses were conducted using Student's T-Test and a value of p < 0.05 was considered statistically significant.
Results
Characterization of nanoparticles
The nanoparticles were characterized based on their size, charge, shape and surface density of conjugated biotin (Tables 1 and 2 ). The sizes of unmodified spherical nanoparticles (i.e. spherical particles that were not subjected to films) had a size range similar to their respective manufacturer labels (Table 1) . They are represented in the table with respect to their diameters (50 -1000 nm) while particles obtained from films are represented with respect to their shapes (spheres, rods and discs). As evident from the low PDI values, particle size was quite uniform and biotin conjugation did not significantly increase the size. The particles were inherently negative in charge due to the presence of carboxyl terminus residues. Unmodified spheres were highly negatively charged with zeta potential values ranging between -30 to -60 mV, while particles derived from films were slightly less negative compared to original particles, possibly due to presence of residual film material on the surface of particles. Conjugation of biotin to particles greatly reduced their charge. The loss of negative charges in the ligandconjugated particles suggests successful conjugation of biotin to particles. Biotin concentration on particle surface was evaluated using biotin quantitation fluorescence kit. The concentration of the molecules on the particles were in the range of 5.7 -8.4 pmol/μg particles ( Table 2) . The SEM images of both unconjugated and biotin-conjugated spheres, rods and discs revealed particle sizes in accordance with the size obtained from dynamic light scattering.
No difference was found in the size of conjugated and unconjugated spheres, rods and discs. Spheres were seen in the size range of 200 -220 nm, while rods had a longitudinal dimension of 400 -500 nm and width approximately between 125 -175 nm. Discs were in the size range of 300 -350 nm across both cross dimensions (Fig. 1 ).
Figure 1: Scanning electron microscopy images of nanoparticles of different shapes.
Representative scanning electron microscopy images of A) spheres; B) rods; and C) discs.
Effect of Size on Uptake and Transport of Nanoparticles Across Intestinal Cells
Uptake of Particles
Particle uptake by Caco-2 and Caco-2/HT-29 cells was inversely related to their size, with uptake of 50 nm > 200 nm > 500 nm > 1000 nm (Fig. 2) . The uptake of particles of all sizes was consistently higher in Caco-2/HT-29 cells compared to Caco-2 monolayers. Confocal micrographs also clearly depicted the cellular uptake trend of different sized particles by Caco-2/HT-29 cells (Fig. 3 ). 
Transport across Monolayers
To evaluate the effect of size of nanoparticles on their transport across intestinal cells, unmodified spheres of different sizes (50, 200 , 500 and 1000 nm) were incubated with Caco-2 monolayer, and co-cultures of Caco-2/Raji-B, Caco-2/HT-29 and Caco-2/HT-29/Raji-B cells. Transport of different sized particles across Caco-2 monolayer was minimal and did not depend on size (Fig. 4A) . A maximum transport of about 0.3% was observed after 5 h for 50 nm sized particles. This is in agreement with previous report on transport of non-biodegradable nanoparticles across Caco-2 monolayers where it has been reported that Caco-2 cells can easily take up intact particles but not transport them across the monolayer [30] . On the contrary, transport across Caco-2/Raji-B cells was significantly higher and showed differences between various sized particles (Fig. 4B) . The highest transport was observed for 50 nm sized particles to up to 25% in 5 h but it was not significantly different from 200 nm shaped particles where the maximum transport after 5 h was found to be ~22%. On the other hand, transport of 500 and 1000 nm sized particles was significantly lower with a maximal transport of 15% and 8% respectively after 5 h. The transport of particles across Caco-2/HT-29 cells showed transport of more than 20% at the end of 5 h compared to 500 and 1000 nm sized particles where 15% and 8% transport was observed respectively over time (Fig. 4D) . Confocal images of transwell membranes seeded with triple co-culture at the end of transport experiments using different sized particles are presented in supplementary Fig  S1. The results demonstrate that Raji-B cells are essential for transport of nanoparticles across the transwells, which is in agreement with previous reports where presence of lymphocytes was found to increase transport of nanoparticles across Caco-2 co-cultures significantly [31] [32] [33] .
Effect of Shape on Uptake and Transport of Nanoparticles Across Intestinal Cells
Uptake by Cells
The uptake of different shaped nanoparticles by intestinal cells was studied using spheres, rods and discs that were prepared by stretching 200 nm spheres in either one dimension (rods) or in two dimensions (discs). The uptake of rods and discs was significantly higher than spheres in Caco-2 cells but there was no difference between the uptake of rods and discs (Fig. 5) . In Caco-2/HT-29 cells however, the uptake of rods was significantly higher than both spheres and discs (Fig 6) . Confocal images of uptake of different shaped nanoparticles in Caco-2/HT-29 cells also clearly illustrate that rods are taken up to a greater extent than spheres and discs (Fig 7 A, B and C). 
Transport
The effect of nanoparticle shape on their transport across intestinal cells was also evaluated using spheres, rods and discs. No significant transport of differently shaped particles was seen across Caco-2 monolayers (Fig. 8A) . A maximum transport of about 0.5% of total particles was observed at the end of 5 h for all the different shaped particles. In Caco-2/Raji-B co-culture, the transport increased to up to 20% for both rods and discs (Fig. 8B ). Spheres were transported to a lesser degree to about 14% by 5 h. On the other hand, particle transport across Caco-2/HT-29 cells did not show any difference between different shaped particles (Fig. 8C) . A maximum transport of about 1% was observed for spheres after 5 h that was not significantly different from that observed for rods and discs. The transport profile of particles across the triple co-culture was similar to that of Caco-2/Raji-B co-culture (Fig. 8D) . Discs showed the highest transport of about 18% at the end of 5 h but the transport was not significantly different from that of rods (~15%). The transport of spheres was less than that of rods and discs with a maximum transport of about 11% at the end of 5 h. The study clearly indicated that rods and discs are transported to a greater extent across intestinal cells compared to spheres. Confocal images of transwell membranes after the end of transport experiment using triple coculture are consistent with this observation (suppl. Fig. S2 ). The fluorescence of particles decreases by 1.5 and 3 fold when stretched into rods and discs respectively compared to spheres, and should be taken into consideration while inspecting the confocal images of different shaped particles. Note that for quantification purposes, the reduced fluorescence of discs and rods was taken into consideration via using corresponding particles for determining calibration curves. 
Effect of Surface Modification on Uptake and Transport of Nanoparticles Across Intestinal Cells
Uptake in Cells
The effect of active targeting on intestinal uptake of differently shaped nanoparticles was studied using biotin-conjugated spheres, rods and discs. Conjugated particles of all shapes demonstrated significantly higher uptake in both Caco-2 and Caco-2/HT-29 cells compared to their unconjugated counterparts (Figs. 5 and 6 respectively). In both Caco-2 and Caco-2/HT-29 cells, the uptake of conjugated rods was 3 and 2.5 fold higher respectively compared to unconjugated rods. The uptake of biotin-conjugated rods was also significantly higher than biotin-conjugated spheres and discs in both Caco-2 and Caco-2/HT-29 cells while biotin-conjugated discs demonstrated significantly higher uptake than biotin-conjugated spheres. The study clearly indicated that biotin receptormediated targeting considerably improves cellular uptake of rods in both Caco-2 and Caco-2/HT-29 cells compared to non-targeted rods or targeted/non-targeted spheres and discs. Confocal microscopy images also clearly illustrate that rods have higher cellular uptake than spheres and discs in Caco-2/HT-29 cells (Figs. 7 D, E and F) . 
Transport across Monolayers
Transport of biotin conjugated spheres, rods and discs was studied to evaluate whether surface modification results in significant differences in their transport across intestinal cells. As observed earlier with unconjugated nanoparticles, no significant transport was observed for conjugated spheres, rods or discs across Caco-2 monolayer and Caco-2/HT-29 co-culture (Figs. 9 A and C respectively). No difference in transport between the different shapes was observed in both cell cultures. Consistent with our previous observation, the transport of conjugated particles was higher across Caco-2/Raji-B cells (Fig 9 B) . Rods were transported to the highest extent (~27%), followed closely by discs (~23%). On the contrary, spheres were transported to a significantly lower extent to a maximum about 13% by 5 h. In the triple co-culture, 18% and 21% of conjugated rods and discs were transported respectively (Fig. 9 D) . Spheres, on the other hand were transported only to about 12% by the end of the study. The percent transport of biotinconjugated particles was similar to that of unconjugated particles, with the exception of conjugated rods that showed significantly higher transport compared to unconjugated rods across the triple co-culture. This may be attributed to the fact that Caco-2 cells, which display biotin receptors, are not primarily responsible for transcytosis of nanoparticles across the cells [30] . Therefore, surface modification considerably improved uptake but did not increase transport. Confocal microscopy images of transwell membranes taken after the end of transport experiment using triple co-culture show that conjugated rods have higher transport compared to conjugated spheres (suppl. Fig. S3 ). 
Discussion
Oral drug delivery, owing to its non-invasiveness and high patient compliance, is a highly sought after route for drug administration. In addition, the large surface area for absorption in the intestine along with the presence of M cells in various parts of the intestine provide a high incentive for delivery of therapeutic drugs orally. However, despite the advantages, drug delivery through the oral route faces many challenges. This includes rapid drug degradation in the gastrointestinal tract due to acidic environment in the stomach and proteolytic enzymes present in the intestine as well as physiological barrier for absorption due to the presence of tight junctions in the intestine. Moreover, the physico-chemical characteristics of a drug molecule may make it unsuitable for oral delivery such as low aqueous solubility/stability that can by itself contribute to low oral bioavailability. To address these issues, nanoparticles have been widely investigated for oral delivery of small molecules and proteins/peptide drugs [13, [34] [35] [36] . The nano-sized particles provide a vehicle for controlled or sustained release of drugs and a larger contact surface area for adherence to the intestine that can improve absorption. Furthermore, nanoparticles can be produced from a wide variety of materials to modulate their physico-chemical characteristics and their surfaces can be modified in various ways to improve drug's oral bioavailability. To prevent drug degradation in the stomach, drug loaded nanoparticles can either be enterically-coated or placed in an enterically-coated capsule for site specific and sustained delivery [37] [38] [39] . To increase the residence time of nanoparticles in the GIT, mucoadhesive nanoparticles have been used extensively. Nanoparticles prepared from polymers such as polylactic acid, poly(lactic-co-glycolic acid) (PLGA) or polyacrylic acid have mucoadhesive properties and have been used for oral delivery of docetaxel, tetanus toxoid, cyclosporine, insulin and silk peptide amongst many others [40] [41] [42] [43] [44] [45] .
Coating of nanoparticles with hydrophilic polymers such as PVA has also been shown to improve both mucoadhesion as well as oral uptake of the loaded drugs [46, 47] . Lipidic nanoparticles such as liposomes, solid lipid nanoparticles and mixed micelles have been used for oral delivery of both hydrophilic and poorly water soluble drugs like insulin, doxorubicin, simvastatin, efavirnez, and paclitaxel amongst others [11, [48] [49] [50] [51] [52] [53] . Other polymeric materials such as chitosan and its derivative trimethyl chitosan based nanoparticles have also been widely used for oral delivery of drugs and genes due to their strong mucoadhesive property and ability to modulate intestinal permeability [54] . In addition, to improve drug uptake in the intestine, nanoparticles have been conjugated with peptidic or non-peptidic targeting ligands such as lectins, RGD peptide, transferrin, folic acid, biotin and mannose, to improve oral intestinal absorption of poorly permeable drugs [36, 55] .
However, despite such developments and innovations in the field of oral delivery using nanoparticles, not much deliberation has been made towards studying the influence of shape of nanoparticles on their uptake. Particles of different geometries can have dissimilar flow properties in the body and can interact with their biological targets as well as accumulate in the organs differently [56] . Previously, our laboratory has shown that compared to spherical particles, worm-like particles can be used to significantly inhibit phagocytosis by macrophages while actively targeted rod shaped particles can be used to achieve higher uptake in breast cancer cells as well as greater accumulation in brain and lungs [29, 57, 58] . This can be attributed to the larger surface area for contact and binding and lesser drag force that leads to higher internalization of rod shaped particles compared to spheres [59, 60] . A rational approach to nanoparticle design should therefore include particle size, shape and surface properties to maximize drug delivery, the information about which is not yet available in the field of oral drug delivery. Hence, in this study we investigated the influence of particle geometry in their uptake and transport across intestinal cells.
The study utilizing different sized nanoparticles demonstrated that smaller sized particles (50 and 200 nm) are taken up and transported across the intestinal cells more efficiently than larger sized particles. Similar results were reported by He et al. who found that particles 300 nm in size or less are ideal for oral drug delivery since they are preferentially internalized by both enterocytes and M cells and demonstrate higher intestinal transport compared to larger sized particles [61] . Particle transport across Caco-2 monolayers or Caco-2/HT-29 cells was negligible. This is in accordance with the observation made by Hu X et al. who found that intact solid lipid nanoparticles when given orally were taken up by intestinal cells but did not translocate across cell monolayers [30] . PLGA nanoparticles were also found to show high uptake but low transcytosis when incubated with Caco-2 monolayer [62] . Including Raji-B cells in the cell culture, on the contrary, drastically improved transport of the particles. M cells have high endocytotic ability and have been reported to show high capability for transcytosis of drugs, macromolecules and nanoparticles [28, 36, 63] . Investigation of uptake of differently shaped unconjugated nanoparticles revealed that rods and discs were taken up two times more than spheres by Caco-2 cells while in Caco-2/HT-29 co-culture the difference in cellular uptake between rods and spheres was three fold. Biotin-conjugation increased uptake of rods by 3 fold and in spheres and discs by 2 fold in both Caco-2 cells and Caco-2/HT-29 co-cultures. In addition, the uptake of biotin-conjugated rods was 3 times higher than conjugated spheres while biotin-conjugated discs were taken up 2 times higher in both Caco-2 and Caco-2/HT-29 cells. The results clearly indicate that rods have higher cellular uptake by intestinal cells and attaching targeting ligand to particles further improves uptake. As explained earlier, the higher uptake of rods and discs over spheres is postulated to be due to larger contact surface area in rods and discs for interaction and adhesion with cell membranes that can kick-start uptake processes in cells [18, 64] . Rods were found to have about 2 times more surface area than spheres and about 1.5 times more surface area than discs. On the other hand, discs had 1.3 -1.6 times more surface area than spheres. Since the rods and discs were prepared from the same stock of 200 nm spheres, it enabled us to keep the volume of the particles constant while varying their surface areas. Along the same lines, a possible explanation for higher uptake of actively targeted rods compared to targeted discs and spheres is that rods due to their larger surface to volume ratio, present more sites for ligand conjugation, (Table 2) thereby increases the probability of locating and interacting with cellular receptors for uptake [29] .
The transport of nanoparticles across Caco-2 monolayer or Caco-2/HT-29 cells was negligible for all particles regardless of shape and ligand conjugation. As earlier observed, transport significantly increased in co-cultures containing Raji-B. No significant difference was found between triple co-culture or Caco-2/Raji-B co-culture, pointing towards the fact Raji-B cells are primarily responsible for improving transport of nanoparticles. This is also evident from the apparent permeability coefficient (Papp) values for transport (Tables 3 and 4) . With regards to size, the Papp values consistently decrease with increase in particle size and co-cultures including Raji-B demonstrate higher transport compared to cultures without Raji-B (Table 3 ). 50 and 200 nm sized particles also exhibit significantly higher transport than 500 and 1000 nm sized particles. With regards to shape, the Papp values of rods are significantly higher than spheres (Table 4 ). The higher cellular uptake of rods as well as their smaller diameter may have contributed to their higher transport compared to spheres. Active targeting further significantly improved transport of rods compared to non-targeted rods. However, for all other particles, only a slight improvement in their transport was observed when actively targeted particles were compared to non-targeted particles, which is in contrary to uptake results. A possible explanation is the presence of biotin receptors only on Caco-2 cells. Taken together, the findings from this work clearly depict that particle geometry has a substantial impact on oral uptake and transport of nanoparticles. Moreover, particle geometry can significantly impact solubilization of poorly water-soluble drugs, where increase in particle surface area can notably improve solubilization of such drugs. In light of higher surface area of rods compared to spheres, pure drug nanorods can essentially improve drug dissolution properties, hence oral drug delivery compared to spheres. Therefore, due consideration should be given to selecting the appropriate particle size and shape to maximize the effectiveness of nanoparticles developed for oral drug delivery.
Conclusion
Nanoparticles have been extensively used for delivery of drugs with inherent poor oral bioavailability. However, apart from classical spherical nanoparticles, no other shapes have been explored for oral drug delivery. In this study, we present, for the first time, the role of nanoparticle geometry and surface chemistry in their uptake and transport across intestinal cells. Using polystyrene particles of different sizes and shapes, we demonstrated that rod-shaped particles have higher cellular uptake and transport across intestinal cells compared to spherical particles. Actively targeted rods also accumulated to a greater extent in the cells compared to targeted spheres or discs. The study lays the foundation for rational design of nanoparticles for oral drug delivery. We believe that rod-shaped nanoparticles can potentially improve the efficacy of nanoparticles in oral drug delivery. However, in vivo studies are required to validate the in vitro results. Additional studies using biodegradable nanoparticles and scale-up studies addressing bulk manufacturing issues such flowability of elongated particles are also needed before actual clinical application of rod shaped nanoparticles in oral drug delivery. Studies using different shaped nanoparticles but with similar surface area to volume ratio constitutes an additional interesting premise for investigation as well and should also be performed in future.
